• A discriminant study based on samples taken from high and low yielding oleoresin trees of two Greek populations, Chalkidiki and Euboia, was carried out. Oleoresin of Pinus halepensis Mill. was characterised by GC/MS analysis.
INTRODUCTION
Oleoresin of coniferous trees is composed of turpentine (a mixture of monoterpenes [C 10 ], sesquiterpenes [C 15 ]) and rosin (diterpene resin acids [C 20 ]) and its main role is defensive. When a tree is wounded, the secretion of oleoresin seals the wound and creates a toxic environment for the invading insects and the associated fungal pathogens (Croteau and Johnson, 1985) . Moreover, besides its ecological role, oleoresin's components are very important for industrial use. The volatile fraction, turpentine, is commonly used as paint thinner. Monoterpene and sesquiterpene flavour and fragrance agents are added to foods, beverages, perfumes, soaps, toothpaste, tobacco and other products (Verlet, 1993) . For all the above reasons, oleoresin production is of great importance.
The oleoresin composition of many coniferous species has been reported in many studies. Most of the studies concerning terpenes investigate their potential role in the resistance or susceptibility of trees to attacks by diseases, insects and animals (Pureswaran et al., 2004; Schiller and Grunwald, 1987) . Terpenes are also used in chemotaxonomy studies (Chang and Hanover, 1991; Lang, 1994) and identification of clones (Kossuth et al., 1988) because they are considered to be phytochemical markers. Critical to the use of terpenes as chemical markers is their stability and lack of sensitivity in the face of environmental factors (Hanover, 1992) . Some exceptions in terpenes concentration can be found under extreme conditions like drought stress (Turtola et al., 2003) or nutrient availability (Muzika et al., 1989) . Other studies investigate the large amounts of isoprenoids (isoprene and monoterpenes) emitted from plants, especially from trees, in the atmosphere. These compounds are called biogenic volatile organic compounds (VOCs) and they play an important role in the atmosphere chemistry.
One of the species with high oleoresin yield is Aleppo pine (Pinus halepensis Mill.). P. halepensis is one of the most widely distributed pine species in the Mediterranean region. It grows naturally from Morocco to Libya in North Africa, in eastern Spain, southern France, Italy, Adriatic cost, Greece and in the eastern Mediterranean from Israel to Jordan and Lebanon (Panetsos, 1999) . In particular in Greece it is found in Peloponnese, the Ionian Islands, central Greece, Euboia, the Sporades islands and in the peninsula of Chalkidiki where the northern limit of its range is. The most important non-wood product of Aleppo pine is oleoresin. Iconomou et al. (1964) and Mirov et al. (1966) studied the chemical composition of turpentine in the oleoresin of Aleppo pine and found that the major components are α-pinene, camphene, β-pinene, myrcene, δ-3-carene, limonene, β-phellandrene, p-cymene, γ-terpinene and terpinolene. Later, Schiller and Grunwald (1987) studied the xylem resin monoterpene composition as related to seed source and found that in spite of the wide range of the species, variation between seed sources is very low and only three distinct groupings -Greek, West European and North African -can be distinguished. The essential oil of Aleppo foliage was studied by many researchers (Dob et al., 2005) and apart from the monoterpenes, sesquiterpenes and diterpenes were also identified. The composition of the essential oils from the needles, branches and female cones of P. halepensis were analysed (Macchioni et al., 2003) and, as in other species, (Pureswaran et al., 2004) , differences in the quantity of the compounds were reported among the different tissues. Papajannopoulos et al. (2001) reported a detailed analysis of xylem oleoresin. Gallis and Panetsos (1997) used the composition of cortical oleoresin to discriminate individuals of P. halepensis, P. brutia and their hybrids.
Aleppo pine is presently tapped for commercial oleoresin production since this species is the most productive of all in the Greek territory. Among the trees tapped there is large variation in their yield. The average yield of Greek Aleppo pines is 2.7 kg/y (Georgoulis, 1964) but there are some genotypes yielding more than 10 kg/y (Moulalis, 1981) . In the frame of this research we located these high yielding trees in two regions where tapping for commercial use is being practised. The objectives of this study were (i) to identify in detail the qualitative and quantitative composition of oleoresin of P. halepensis and in particular of high yielding trees (plus trees), (ii) to investigate a potential relationship between the oleoresin compounds and the oleoresin yield, and (iii) to investigate any correlations among the compounds. These trees can form the basis of a clone bank used as a source of future plus trees.
MATERIALS AND METHODS

Sampling
The sampled trees were located in two areas, Chalkidiki (Kassandra) and Euboia (Kirunthos). In each area, two groups of trees were selected according to their level of oleoresin production as ascertained during tapping in previous years. The first group (plus trees) consisted of trees yielding more than 12 kg/y, whereas the second (control trees) consisted of trees yielding less than 2 kg/y (data not presented). In Chalkidiki 18 plus (17 kg average yield/y) and 13 control trees were selected among approximately 5 000 trees, whereas in Euboia 11 plus (24 kg average yield/y) and 9 control trees were selected among approximately 10 000 trees. All sampled trees were over 25 y old (mature trees).
Xylem oleoresin (samples) was obtained by wounding the tree without the use of chemical stimulants. On each selected tree, one hole (50 × 12 mm) was made with a power drill, with a slight downwards slope. Each hole was drilled at the same height (breast height) and a tightly fitting glass vial was inserted and left from a few hours to one day to fill with resin ( Fig. 1) . Drilling that deep resulted in the collection of only xylem, and not bark oleoresin into the vial. Vials were hermitically closed and refrigerated until required for analysis (Latta et al., 2003) . The use of glass vials during the oleoresin collection and the aftermath storage eliminated the volatile compounds' loss. Samples were taken on the 6th of August 2006 from Euboia and on the 12th of August 2006 from Chalkidiki.
GC Analyses
For qualitative analysis, 0.05 g of oleoresin were dissolved in 0.5 mL of methanol and in 50 μL tetramethylammonium hydroxide used as methylation reagent. For quantitative analysis, exactly 0.05 g of oleoresin were dissolved in 0.5 mL of methanol containing 1.2 mg heptadecanoid acid and 2.5 μL isobutylbenzene used as internal standards, as well as 50 μL tetramethylammonium hydroxide used as methylation reagent (Arrabal et al., 2002, modified) .
The GC-MS analyses were carried out using an HP 6890 gas chromatograph fitted with a HP-5 fused-silica column (30 m, 0.25 mm i.d.; 0.25 μm film thickness) coupled to a mass spectrometer (5973-Hewlett-Packard). GC: oven temperature was programmed from 60 to 270
• C as follows: 60 • C for 2 min, rising with a 2 • C/min rate until 80
• C, 8
• C/min rate until 200 • C and 2
• C/min rate until 270 • C. Injector temperature was 260
• C. The carrier gas was helium at a 1 mL/min flow. The injection volume was 1 μL with a split ratio 1:50. EI-MS: the electron energy was 70 eV. Ion source and the connection parts temperature was 290
• C. Constituents were identified by comparing experimental retention indices with those of reference compounds run under identical conditions, laboratory's library and literature data (Adams, 2001 ) and by matching experimental fragmentation patterns in mass spectra with those of NIST98, Wiley 275 and CNRS libraries. The retention indexes (RI) were calculated using a homologous series of n-alkane and according to Kovats' formula (Kovats, 1958) .
For quantitative measurements the same column was used under the same working conditions connected to a FID detector. The injection volume was 1 μL with a split ratio 1:25, the nominal initial flow 1.0 mL/min and the injector temperature 290
• C. For the quantification of monoterpenes and sesquiterpenes isobutylbenzene was used as internal standard while for neutral diterpenes and resin acids the internal standard used was heptadecanoid acid. The concentration of each component is expressed as a percentage of the total amount of components.
Statistical analysis
The statistical analysis was carried out using the SPSS 13.0 statistical package. Average and standard deviations were calculated. Two statistical methods were applied to discriminate between plus and control tress and between Chalkidiki and Euboia trees. In each method a different approach is used since in one case (MannWhitney) each variable is tested separately while in the second (Discriminant Analysis) the variables are evaluated altogether.
The non-parametric Mann-Whitney test was performed to test for differences between the mean concentration of the variables. This test was performed in order to determine the statistical significance levels of the differences between means of each variable, considering groups by character plus or control trees independently of the populations and considering groups according to the provenance (populations) independently of their yield. The step-wise Discriminant Analysis was also carried out. In step-wise analysis the predictors (compounds) are entered sequentially based on their ability to discriminate between the groups. The method used was the Mahalanobis Distance procedure which maximizes a generalized measure of the distance between the two closest groups. The resulting group centroids are the mean values for the discriminant scores for a particular group. There is always an equal number of centroids and groups since there is one centroid for each group. For the discriminant analysis the data of the terpenes were log(x + 1) transformed to fulfil the assumptions of the analysis (Turtola et al., 2003) . Moreover, the Pearson correlations between the variables were calculated.
RESULTS
In Table I the qualitative and quantitative data of 40 monoterpenes, sesquiterpenes and diterpenes (including resin acids) are presented, expressed as percentages in both plus and control trees, sampled from Chalkidiki and Euboia. These concentrations represent 97.40% of the total quantity of analysed oleoresin. In particular, 11 monoterpenes, 12 sesquiterpenes and 17 diterpenes were identified. Resin acids were analysed as methyl esters (Arrabal et al., 2002; Lewinsohn et al., 1993) . A preliminary analysis was conducted without any reactants and revealed that only one methyl ester in the oleoresin was methyl abietate (compound No. 39). The stationary phase used in this work could not separate methyl abietate from abietic acid (compound No. 39) due to diterpenes' methylation. The quantification of these compounds was made considering the sum of both.
No qualitative statistical significant differences were found between plus and control trees and between trees from Chalkidiki and Euboia. The average composition of the oleoresin was 30-38% monoterpenes, 1.2-1.5% sesquiterpenes and 60-69% diterpenes. The highest concentrations among monoterpenes were of α-pinene (28.73-35.84%), myrcene (0.34-0.55%) and limonene (0.321-0.513%). The most abundant sesquiterpenes were β-copaene (0.40-0.72%) and α-muurolene (0.23-0.46%), while the most abundant diterpenes were methyl abietate + abietic acid (36.87-41.28%), palustric acid (9.40-10.09%), isopimaric acid (4.69-6.94%) and neoabietic acid (4.75-5.70%).
The non-parametric Mann-Whitney test was performed between the plus and control trees from both areas and also between the trees of each population independently of their yield. In the first case, 10 compounds were found to differentiate the groups according to their oleoresin production (plus and control trees) which were: sabinene (p = 0.039), β-pinene (p = 0.040), myrcene (p = 0.009), cis-β-ocimene (p = 0.012), γ-terpinene (p = 0.007), β-selinene (p = 0.019), sandaracopimaric acid (p = 0.035), isopimaric acid (p = 0.011), dehydroabietic acid (p = 0.006) and abietic acid (p = 0.046) at 5% significance. In the second case, the compounds that differentiate the two populations were: α-pinene (p = 0.025), sabinene (p = 0.043), β-pinene (p = 0.038), cis-β-ocimene (p = 0.017), α-terpinolene (p = 0.019), β-copaene (p = 0.039), α-humulene (p = 0.033), γ-cadinene (p = 0.009), α-cadinol (p = 0.032), unknown1 (p = 0.027), secodehydroabietic acid (p = 0.025), unknown 2 (p = 0.001), sandaracopimaric acid (p = 0.003), abietic acid (p = 0.032) at 5% significance level. Moreover, five compounds were found to differentiate both plus from control trees and trees from the two populations: sabinene, β-pinene, cis-β-ocimene, sandaracopimaric acid and abietic acid.
The step-wise discriminant analysis resulted in two canonical discriminant functions with 0.821 and 0.577 canonical correlations respectively (Fig. 2) . Altogether, the groups of trees were discriminated by 6 compounds: sandaracopimaric acid, γ-terpinene, cyclohexanecarboxylic acid, β-copaene, neoabietic acid and dehydroabietic acid. The first two functions explain 97.6% of the variance. The total correct classification result was 72.5%. More specifically, the correct classification result was 81.8% for the plus trees from Euboia, 55.6% for the plus trees from Chalkidiki, 88.9% for the control trees from Euboia and 76.9% for the control trees from Chalkidiki (Tab. II). Figure 2 shows that the discrimination of the two populations (Euboia and Chalkidiki) is affected by Function 1 because trees from Euboia are located on the right side of the plot, while trees from Chalkidiki are located at the central and left part. Since Function 1 is associated with cyclohexanecarboxylic acid, we can conclude that this compound helps us to classify trees according to their origin (provenance). Similarly, the discrimination of the trees according to their yield is achieved with Function 2 which is strongly associated with dehydroabietic acid, γ-terpinene and β-copaene. The high yielding trees (plus trees) are located at the lower part of the plot, while the control trees are located at the central and upper part.
The correlations for all the pairs of variables were calculated. The Pearson correlations with r > 0.80 and pvalue < 0.001 are presented in Table III . Altogether, 46 correlations are presented, from which 6 are found among the monoterpenes, 39 among the sesquiterpenes and 1 among the diterpenes. More than half of the monoterpenes (54.55%) were highly correlated with one or more monoterpenes, while just two diterpenes (11.76%) were highly correlated with each other. On the other hand, all sesquiterpenes (100%) exhibited high correlations with one or more sesquiterpenes. The strong correlations among these compounds might indicate 412p5 Ann. For. Sci. 67 (2010) 412 C. Karanikas et al. a common precursor. In Figure 3 two illustrative regression equations and plots are presented.
DISCUSSION
The method followed in this study for the analysis of xylem oleoresin was quite satisfactory since 40 compounds were identified simultaneously. In most of the reported studies, only the volatile fraction was studied. Previous analyses of oleoresin from Greek populations reported 8 (Iconomou et al., 1964; Mirov et al., 1966) , 12 (Schiller and Grunwald, 1987) and 7 (Papajannopoulos et al., 2001) monoterpenes. In all these cases the first identified compound (smaller RI) was α-pinene in contrast with the present study where the first compound is tricyclene. Moreover, in the above studies, sabinene, which is the fourth (according to RI) identified compound in this study, wasn't found. These two compounds, tricyclene and sabinene, were reported only by Macchioni et al. (2003) who, however, analysed the essential oil composition of needles, branches and female cones of P. halepensis and not xylem oleoresin.
Xylem rosin (non-volatile fraction) composition of P. halepensis from Greek populations is only reported in one study (Papajannopoulos et al., 2001) where the number of trees sampled was limited. Papajannopoulos et al. found 14 compounds whereas in the present study 17 compounds are reported. Nevertheless, the qualitative composition of rosin between the two studies is quite similar.
In the present study the three compounds among monoterpenes with the highest concentrations are in descending order: α-pinene, myrcene and limonene. The three major monoterpenes found by Iconomou et al. (1964) , for a population from Chalkidiki, were α-pinene, limonene and camphene and by * 2 outliers were excluded from the regression analysis. Regression plots between α-pinene and camphene (monoterpenes)* and α-muurolene and cyclosativene (sesquiterpenes). The correlation coefficients R 2 and the regression equations are shown in the plots. The correlation coefficient (R 2 ) is defined as the square of the Pearsons correlation coefficient r. Schiller and Grunwald (1987) , for a population from Euboia, were α-pinene, 3-carene and myrcene. Papajannopoulos et al. (2001) found α-pinene, myrcene and camphene/β-pinene as the three major monoterpenes. In all cases, α-pinene is the most abundant compound among monoterpenes along with myrcene which is also found in large quantities. With regard to the quantities of xylem oleoresin diterpenes of Aleppo pine, Papajannopoulos et al. (2001) reported palustric/levopimaric acid, abietic acid, neoabietic acid and isopimaric acid as the four major compounds, which is also confirmed by the results of the present study.
The Mann-Whitney tests indicate that the differentiation between plus and control trees is established at 5% significance level by 10 compounds: 5 monoterpenes, 1 sesquiterpene and 4 diterpenes. At 1% significance level, the discrimination is achieved by three compounds: myrcene, γ-terpinene and dehydroabietic acid. Two of them, myrcene and dehydroabietic acid also discriminate plus from control trees in P. pinaster (Arrabal et al., 2002) . Similarly, the two populations (Chalkidiki and Euboia) are distinguished by 14 compounds: 5 monoterpenes, 4 sesquiterpenes and 5 diterpenes. Among them, α-pinene is also reported by Arrabal et al. (2005) to differentiate two provenances of P. pinaster.
The step-wise discriminant analysis is quite efficient in discriminating plus from control trees despite the limited number of the samples. In particular, the resulted discrimination is more efficient than that observed by Arrabal et al. (2002) who reported a tendency to separate plus from control trees using only the diterpenes' concentrations while such a tendency wasn't reported for the monoterpenes' concentrations. With regard to provenances separation, this analysis is again more efficient than that of a previous study (Arrabal et al., 2005) where only certain groups of five Spanish provenances of P. pinaster were discriminated and not all of them. Furthermore, the discriminant analysis establishes a quite reliable model for future classification of trees, from Euboia and Chalkidiki, according to their oleoresin yield. The inclusion of new cases in the classification model increases its effectiveness.
The high correlations among compounds appear only within the same class of terpenes. Especially, all the sesquiterpenes are highly correlated with each other. There are also many low or moderate negative correlations between monoterpenes and diterpenes (data not shown). Strong correlations between two monoterpenes, α-pinene and camphene, were also found by Sjödin et al. (2000) in Norway Spruce and Fäldt et al. (2001) in six Pinus species (not including P. halepensis). Hiltunen and Laakso (1995) and Wise and Croteau (1999) suggested that these strong correlations might indicate a common precursor. On the other hand, Fäldt et al. (2001) reported a strong correlation between α-and β-pinene which was not found in the present analysis of P. halepensis.
Conclusively, the qualitative and quantitative composition of P. halepensis oleoresin reported in this study is in general similar to that reported in previous studies. This "metabolite fingerprinting" approach of terpenoids is a good tool for Pinus discrimination. Certain compounds show statistical significant different concentrations between high and low yielding trees, as well as between the two provenances. A model is established, through discriminant analysis, which can help in future classification of trees with unknown oleoresin yield. The strong correlations between certain compounds, especially between the sesquiterpenes, might indicate a common precursor for these compounds. The selected high-yielding trees can be used in the establishment of a clone bank for future plus trees.
